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ABSTRACT 


Me&surenents  of  the  radiant  exposure  (as  a  function  of  lrradlance)  required 
for  the  ignition  of  alpha- cellulose  at  ccxrtrcLled  levels  of  buoddlty  and  for 
various  radiant  also rp tan ces  show  that  the  Influence  of  the  moisture  content 
and  the  absorptivity  of  the  Bate  rial  on  Its  Ignition  behavior  can  be  accounted 
for  by  the  appropriate  Modification  of  the  correlation  moduli  previously 
derived.  The  effects  of  Moisture  content  and  absorptivity  were  normalized  by 
adding  the  beat  capacity  of  the  water  to  thee  of  the  dry  cellulose  and  by 
multiplying  both  the  radiant  energy  and  lrradlance  values  by  the  appropriate 
radiant  absorptance. 

Data  were  obtained  for  dark  cellulosic  sheet  fuel  in  the  relative  humidity 
range  10  to  87  percent  and  for  sheet  cellulose  having  a  broad  range  of  absorp¬ 
tance  values.  The  data  for  all  but  the  white  cellulose  correlate  well  to  a 
single  ignition  behavior  pattern.  It  is  suggested  that  this  Ignition  pattern 
Is  sufficiently  general  to  be  used  to  predict  the  Ignition  behavior  of  a 
broad  class  of  kindling  fuel  4. 

Limited  experimentation  with  white  cellulose  indicates  that  for  materials 
in  the  low  range  of  absorptivity,  the  absorptance  multiplier  In  the  lrradlance 
modulus  should  be  raised  to  a  power  less  than  unity  (approaching  a  value  of 
roughly  one-half  for  white,  highly  dlathennanous  materials). 
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SUMMARY 


The  Problem 

It  is  well  known  that  cellulose  and  celluloslc  kindling  fuels  take  up 
water  from  the  surrounding  air  to  an  extent  which  depends  on  the  relative 
humidity  of  the  air.  Previously  it  was  not  known,  however,  to  what  extent 
this  water  influences  the  ignition  behavior  of  kindling  fuels.  The  purpose 
of  the  experimental  work  reported  here  was  to  evaluate  the  influence  of  this 
sorbed  water. 

Similarly,  it  is  known  that  the  darker  kindling  fuels  ignite  more  readily 
thin  lighter  ones  when  exposed  to  thermal  radiation.  The  magnitude  of  this 
effect,  however,  was  not  known  to  any  quantitative  degree.  For  thl6  reason 
the  inver tigation  of  the  ignition  of  cellulose  varying  in  color  from  black  to 
white  was  included  Id.  this  study. 


The  Findings 

The  moisture  taken  up  by  cellulose  when  exposed  to  air  having  relative 
humidities  in  the  range  10  to  87  percent  causes  small,  but  measurable. 

Increase  in  the  radiant  energy  required  to  ignite  the  cellulose.  This  increase 
appears  to  be  primarily  due  to  the  heat  capacity  of  the  added  moisture  with 
little  or  no  significant  contribution  from  heats  of  desorption  or  vaporization . 

The  data  for  all  but  the  dead-white  cellulose  correlated  well  to  a  single 
ignition  behavior  pattern  based  on  the  heat  conduction  equation.  It  is 
believed  that  this  pattern  can  be  used  to  predict  the  ignition  behavior  of 
the  bulk  of  the  kindling  fuels  encountered. 
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ADMINISTRATIVE  INFORMATION 


Background  of  Work 

During  FI  195^ t  tb?  U-  S  Naval  Radiological  Defense  Laboratory  Initiated 
a  program, entitled  "Thermal  Radiation  Damage  to  Cellulosic  Materials,"  spon¬ 
sored  by  the  Armed  Forces  Special  Weapons  Project  with  the  primary  objective 
to  study  the  Influence  of  material  properties  and  radiant  energy  exposure 
parameters  on  damage  to  thick  (vood)  and  thin  cellulosic  materials  and  to 
study  the  mechanisms  of  ignition  of  cellulosic  materials  by  Intense  radiant 
energy.  In  FI  1955  a  sub- task,  entitled  "Ignition  by  Thermal  Radiation,"  had 
as  its  objective  the  study  of  the  macroscopic  ignition  behavior  of  selected 
systems  of  materials  when  exposed  to  intense  radiant  energy  and  to  ascertain 
the  mechanisms  for  the  ignition- combustion  processes. 


Authorization  and  Funding 

This  work  was  authorized  by  the  Armed  Forces  Special  Weapons  Project  and 
vas  funded  during  FY  195^  through  FY  1956  by  Allotment  12001/55  and  92009/5 6, 
FY  1957  by  Allotment  92009/56,  FY  1958  by  Allotment  99178/58,  and  during 
FY  1959  by  Allotment  99178/59. 


Description  of  Work 

The  ignition  of  cellulose  and  the  products  oi  pyrolysis  were  3tuiied 
during  FY  1957  using  the  carbon  arc  radiant  source,  the  Mitchell  thermal  source, 
and  the  chromatographic  equipment  developed  at  this  laboratory.  Studies 
included:  (a)  The  influence  of  material  properties  and  radiant  energy  exposure 
parameters  on  ignition  by  thin  cellulosic  materials.  Parameters  of  concern 
were  the  lrradlance- time  characteristics  of  the  thermal  pulse ,  the  optical 
properties,  and  the-  thickness  and  density  of  the  material ;  (b)  The  mechanisms 
of  Ignition  of  cellulosic  materials  of  intense  radiant  energy. 

During  FY  1958  and  FY  1959  the  program,  "Ignition  by  Thermal  Radiation," 
was  prosecuted  by  this  laboratory,  using  the  simulated  nuclear  weapon  pulse  of 
the  Mitchell  thermal  source.  The  ignition  behavior  of  alpha- cellulose  materials 
vas  determined  in  the  same  manner  as  was  done  for  constant  lrradlance  exposures. 
Particular  attention  vas  given  the  alpha- cellulose  since  this  material  is  repre¬ 
sentative  of  a  broad  class  of  lgni table  materials.  Variables  included  were 
density  and  thickness  of  material,  simulated  weapon  yield  and  radiant  power  of 
the  exposure.  The  data  obtained  were  correlated  in  a  manner  similar  to  that  used 
for  the  constant  lrradlance  exposures . 
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7Ms  report  was  prepared  at  the  specific  request  of  the  sponsor,  the  Armed 
Forces  Special  Weapons  Project,  and  constitutes  the  conclusion  of  the  studies 
outlined  In  part  (a)  above*  The  second  phase,  part  (b),  the  mechanism  of 
Ignition  of  celluloslc  materials  of  Intense  radiant  energy.  Is  currently  under 
prosecution  at  this  time. 

It  Is  hoped  that  Information  gained  In  these  studies  will  lead  to  a  better 
understanding  of  the  Ignition  process  and  will  also  result  In  the  establishment 
of  the  best  possible  techniques  for  the  testing  of  materials  of  Interest  to  the 
various  agencies  of  the  Department  of  Defense. 


The  authors  wish  to  acknowledge  the  valuable  assistance  of  Willard  Pflueger, 
Captain,  USA,  who  gave  freely  of  his  time  aside  from  hie  normal  duties  as  AFSWP 
liaison  officer  to  procure  the  many  parts  and  Items  of  equipment  used  and  to 
fabricate  the  controlled  humidity  exposure  chamber  In  time  to  allow  the  comple¬ 
tion  of  the  experimental  work  on  schedule. 

Thanks  are  also  due  Willi  am  Neall  of  the  Radiological  Safety  Branch,  USNRDL, 
for  making  available  the  glove  box  used  in  the  experiment. 
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The  ignition  benavior  of  osllulosic  materials  has  been  treated  In  loae 
detail  in  previous  report#  in  this  oe-iss.1#2  £y  the  uee  of  a  model  cellu¬ 
lose  fuel  whose  physical  properties  can  be  changed  without  rh*^gtng  its 
chemical  composition  sod  by  the  use  of  a  data  correlation  technique  based  on 
the  solution  of  the  appropriate  heat  conduction  equation,  a  generalised  igni¬ 
tion  behavior  pattern  was  realised  which  revealed  the  interactir  ,  between 
such  physical  properties  of  tas  Material  as  density,  thickness,  specific  heat 
and  conductivity  and  the  parameters  of  exposure,  lrradlance  sad  total  radiant 
exposure.1  This  work  was  subsequently  extended  in  an  investigation  of  the 
affect  on  the  Ignition  behavior  of  cellulose  exposed  to  the  input  pulse  which 
is  typical  of  nuclear  weapon  air  bursts.2 

Two  parameters  of  the  cclluloslc  fuel,  its  Moisture  content  and  radiant 
(optical)  absorptance,  were  purposely  deferred  to  the  last.  Because  of  the 
anticipated  importance  of  their  Influence  and  the  difficulties  expected  In 
interpreting  their  interaction  vith  the  already  ouoplex  system,  it  was  deeded 
wise  to  attest  to  understand,  as  wall  as  possible,  the  ignition  process  while 
holding  these  two  parameters  fixed  and  then  to  evaluate  then  in  turn. 

This,  the  fourth  and  final  part  of  the  series,  is  a  report  of  the  experl- 
aental  investigation  of  the  influence  of  the  moisture  content  end  the  radiant 
absorptance  on  the  Ignition  behavior  of  cellulosic  kindling  fuels. 


IXFERBC3TTAL 


The  theoretical  basis  for  the  choice  of  material  and  the  geometry  of 
exposure  as  well  as  the  techniques  of  exposure  and  radiant  power  measurement, 
etc.,  have  received  adequate  treatment  in  previous  reporta,  particularly  in 
the  second  part  of  this  series.1 
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The  min  unique  feature  of  this  experimental  study  vat  the  use  of  an 
exposure  environment  haring  controlled  conditions  of  te^eratur*  and  humidity. 

It  vas  decided  prior  to  doing  the  experiment  that  it  would  be  necessary  to 
hold  the  temperature  constant  to  within  a  degree  and  to  be  able  to  obtain  and 
hold  several  levels  of  htmddity  up  to  about  90  percent  relative  humidity  (RH) 
during  the  entire  period  of  sample  exposure.  This  was  accomplished  by  modi¬ 
fying  a  chemical  glove  box  to  make  it  an  Integral  part  of  the  source,  i.e. ,  the 
last  lens  of  the  optical  system  served  as  a  window  for  the  radiation  In  the 
exposure  end  of  the  box  (see  Fig.  1).  Air  of  the  proper  tessera ture  and  humi¬ 
dity  vas  fed  Into  the  opposite  end  of  the  box  at  e  rate  sufficient  to  exchange 
the  air  and  effectively  carry  away  the  decomposition- combustion  products  but 
not  so  great  as  to  cause  drafts  cm  the  saaple  during  exposure.  To  Insure  this, 
baffles  were  placed  In  appropriate  positions  In  the  boat:  one  at  the  air  Inlet 
to  divert  end  break  up  the  air  Inflow,  and  a  second  above  and  behind  the  expo¬ 
sure  plane  to  fora  a  fume-hood  chamber  (having  an  aXhauat  port  at  Its  top) 
above  the  sample  to  carry  off  the  smoke  and  decoepoaltlon  product#  aa  they 
were  released. 

A  portable  air- conditioning  unit  was  used  as  a  source  of  dry  air.  Ifcr 
diverting  the  condltloned-alr  supply  and  causing  it  to  recycle,  the  temperature 
of  the  air  could  be  lowered  to  about  minus  10°C.  The  air  fed  to  the  glove  box 
vas  drawn  from  this  cold  air  supply'  with  a  small  centrifugal  blower.  This  air 
when  lasted  to  75°F  (2koc)  consistently  provided  e  10  percent  relative  humidity 
environment. 

To  get  higher  levels  of  humidity  soms  of  the  recycling  odd  dry  sir  was 
allowed  to  escape  to  the  room  while  a  led  amount  of  room  air  was  allowed 

to  enter  the  stream  to  the  glove  box.  For  -till  higher  humidities,  steam  from 
a  steam  generator  vas  fed  directly  Into  the  Cry  air  stream.  Although  It  vas 
entirely  possible  to  obtain  controlled  re2  vfcive  tumidities  up  to  100  percent, 
humidities  above  90  percent  KH  were  avoldeu  b^.uscje  of  the  tendency  of  cellu¬ 
lose  to  became  vet,  l.e.,  to  take  up  moistur*  Irreversibly  to  the  extent  that 
the  fibers  become  saturated  with  liquid  water.  7\r?  this  rsasoo  67  percent  RH 
vas  chosen  as  a  convenient  high  humidity  operating  level.  In  practice  the 
cellulose  sample*  were  kept  (for  at  least  12  hours  before  use)  In  desiccators 
whose  humidities  were  controlled  by  means  of  saturated  salt  solutions  or  sul¬ 
furic  add  solutions.  After  environmental  conditions  In  the  glove  box  had 
been  brought  to  the  desired  operating  values,  the  samples  were  transferred  into 
the  glove  box  for  final  conditioning,  usually  20  minutes  before  commencing  radiant 
thermal  exposures.  If,  at  any  time  during  the  preconditioning  or  final  condi¬ 
tioning,  the  humidity  had  Inadvertently  exceeded  $0  percent'  there  vas  then  a 
distinct  possibility  that  the  material  would  have  an  erroneously  high  moisture 
content  vMch  could  very  well  persist  through  the  experiment;  consequently 
87  percent  RH  was  the  upper  limit  for  all  of  the  experimental  work. 

Relative  humidities  were  measured  and  continuously  monitored  throughout 
each  experimental  rut  by  means  of  a  specially  constructed  dew-point  hygrometer. 


2 


mic"Ov©l'wi  *r«  >  ,m 

tw  POINT  D<  Wic| 


C  ONS  TA  N  T  TEMPERAT  <»E 
BATH  FOR  APERTURE 


recirculating  air 

CONDITIONER 


CARBON  ARC  SOURCE 


OEW-POINT  DEVICE 

STEAM  generator 

FCtiS 

STEAM  '■ONOCNSER 

BAFFLE 

baffle 

fkl 

HfAT  RG  ELEMENTJ 

aperture  A 

FORCED  Am  BLOWER 

SAMPLE  HOLDER 

n )  ni 

1  AHAuS  T 

RECORDER 

%  1 

1  t 

-  I 

Hr 

£  .  »  | 

Inp^t  * 

.  ^  '•.f 
|  1 

1  /  ^ 

#  1 

1  K  A 

VBi fW 

in  ~r 

Fig.  le  Exposure  system  with  apparatus  ior  controlling  humidity, 
and  temperature. 

3 


Ttu  •  levice  a  essentially  of  a  l/8  x  l/2  Inch  silver  bar  with  a  beat 

•cure*  *♦.  «•  aod  tad  a  heat  sink  At  the  *h*r  to  provide  a  thermal  gradient 
along  iu  .eogth.  B*At  vmt  provide  y  Vi*  radiant  energy  from  a  —11  light 

bulb  ADdoAAd  is  A  mtAl  bOJC  With  A  VinluV  AdjAOAOt  tO  Wt  OOt  In  COQtACt  With 

th*  iqpp «nd  of  tho  bur;  this  sapient  of  the  bur  m  blackened  to  Adsorb  tbs 
rAdlAtloo  fro*  the  bulb.  Th*  other  tod  of  the  tar  extended  out  through  the 
bottom  of  tb«  glove  boa  where  It  could  bt  partially  1j—  reed  In  a  bAth  of  oold 
water  or  lry  ice-acetone  mixture  to  Ad  as  a  beat  sink.  Iff  varying  the  voltage 
on  the  light  bulb  And  ty  Adjusting  the  level  of  the  oold  both,  a  controlled 
tevoereture  gradient  could  be  produced  Aloof  the  length  of  the  bar.  The  operating 
temperature  vu  determined  chiefly  by  the  temperature  of  the  beth,  but  the  thezml 
gradient  could  be  varied  from  About  l°C/ln.  to  somewhat  higher  value*  over  approxi¬ 
mately  a  three  inch,  highly  polished  length  of  the  silver  bar.  In  operation  the 
hem*r*ture  of  the  bar  ves  adjusted  to  that  the  moletur*  condensed  on  the  lover 
half  of  the  pollehed  surface  and  the  "dev  line”  coincide-'-  vlth  tre  locetlor  of 
a  thenc  couple  Junction  labrtded  under  the  turf  ace  of  the  bar.  Ine  reference 
thermocouple  Junction  •  as  located  nearty  In  the  open  air,  and  the  voltafe  differ¬ 
ence  between  the  two  Junction*  was  fed  to  a  mlcrovoltmeter.  Unis,  the  *  ol teeter 
effectively  indicated  the  difference  between  the  temperature  of  the  dev  point  and 
that  of  the  air.  The  voltage  read  fro*  the  voltmeter  was  related  to  the  relative 
husddity  by  a  calibration  graph.  This  procedure  permitted  a  very  direct  and 
convenient  means  of  continuously  monitoring  the  htmddJty  during  the  experiments. 

To  facilitate  handling,  the  Bailee  ware  cut  into  1  l/Z  inch  by  1  3/4  inch 
rectangle*  and  individually  mounted  in  brase  ehlm- stock  holders.  Each  holder  had 
an  accurately- cantered  3/4  Inch  diameter  hols  punched  through  it.  A  water-cooled 
aperture  with  a  slotted  guide  received  the  holders  end  automatically  aligned  then 
into  the  focal  spot. 

A  preliminary  series  of  exposures  was  run  to  compare  this  method  of  eauj^Xo 
exposure  to  the  slower,  more  tedious  method  of  counting  circular  eamp  .es  tr  a 
peripheral,  three-point  suspension,  tfo  significant  difference*  In  the  ignition 
behavior  for  the  two  exposure  methods  cculd  be  found  and  It  was  concluded  that 
the  one  was  equally  as  valid  as  the  other.  Besides  cutting  down  the  time  lost 
between  exposures,  this  new  method  of  mounting  the  samples  provided  a  large 
measure  of  pre-exposure  handling  convenience  where  It  was  necessary  to  go  through 
the  extra  steps  Involved  in,  and  the  storage  provisions  required  by,  humidity 
pre- conditioning . 

At  one  point  about  midway  through  the  experiment  some  doubt  concerning  the 
measurement  of  exposure  duration  arose.  From  the  earliest  use  of  square-wave 
shutters  on  the  MltcheJl  source,  the  time  of  exposure  has  been  measured  by  means 
of  two  micro switches  actuated  by  the  opening  and  closing  blades  of  the  shutter. 
Previous  measurements  of  the  shape  of  the  pulse  made  by  recording  the  output  of 
a  photoelectric  sensor  with  an  oscillographic  recorder  revealed  no  particularly 
significant  discrepancies  between  pulse  duration  and  clock  time  (less  than  0.02 
sec).  This  time,  however,  there  was  found  to  be  a  difference  of  0.05  to  0.07  sec. 
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For  thw  rwaaindwr  of  thw  *  rk  a  nfcctowlwctric  tlwor  deslfrvd  to  a*artr«  the 
oulxc  dtirntlon  directly  was  uaed  and  ell  of  the  eerller  exposure  dure* Ion  values 
wore  corrected  accordingly . 

Three  levels  of  humidity  wore  used  for  this  study,  10,  30  end  97  ^rcont  RH. 
As  In  the  pest,  for  any  Riven  irraiinnce  level  the  exposure  tl-*e  for  an  ignition 
effect  «ns  found  by  inerenalnr  the  tire  if  the  previous  exposure  felled  to 
imite  the  aaKpl«,and  decreasing  the  tire  If  the  previous  '♦xposure  succeeds?  in 
producing  en  Ignition,  e^ch  successive  gten  beinp  amller  then  the  previous. 

When  the  exposure  tl-es  for  lrnltlon  were  long  enough,  e  atatistieal  sequence 
wea  erployed  to  eveluate  the  variance  as  well  as  the  rean  (see  Appendix  of 
reference  7), 


RESULTS 


The  resulting  Ignition  date  for  the  three  levels  of  huwidity  ere  shown  in 
raw  fora  in  Figs.  2,  3;  end  4  and  are  compared  to  the  previously  established 
ignition  curves  when  moisture  was  not  controlled.  Figure  2  shows  the  date  taken 
at  10  percent  RH,  Fig,  3  at  30  percent  RH,  end  Fig.  4  at  porcent  RH.  It  is 
immediately  apparent  from  these  figures  that  the  offcct  of  moisture  on  ignition 
energy  is  snail  and  there  is  seemingly  as  much  variation  of  the  new  data  from  the 
old  regression  curves  as  there  are  consistent  differences  in  values  of  ignition 
enev  between  levels  of  humidity.  Moreover,  even  the  data  for  the  low  humidity 
lie,  in  general,  above  the  regression  curves  which  represent  nominal  humidity 
environment  (30  -  50  porcent  RH).  These  discrepancies  will  bt  discussed  later 
(see  Discussion  of  Results  and  Conclusions) . 

The  moisture  content  of  the  materials  used  are  listed  in  Table  1  for  the  three 
levels  of  humidity. 

Table  2  lists  the  ignition  energy  values  at  three  levels  of  irradiarco  for 
the  alpha-cellulose  materials  having  various  optical  absorptivities.  Those 
materials  are  identical  to  those  previously  used  with  the  exception  of  their 
carbon-black  content.  The  listed  values  of  carbon-black  additive  are  in  terms 
of  the  percent  by  weight  (dry)  added  to  the  pulp  prior  to  forming  into  sheets  and 
are  somewhat  higher  than  tho  actual  content  of  the  finishod  material.  The 
radiant  absorptances  given  are  estimated  values  for  the  spectral  distribution  of 
the  source  (approximating  a  5500°K  black  body)  based  on  measured  total  hemi¬ 
spherical  reflectances  and  transmittances  in  tho  visible  region  and  the  reported 
near  infrared  absorptance  characteristics  of  similar  cellulosic  materia] s.^>5 

It  has  been  pointed  out^  that  tho  heat  capacity  of  cellulosic  materials 
containing  moisture  is  not  equal  to  the  sum  of  the  heat  capacities  of  the  component 
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IRRADIANCE,  H  iCAL /CMz/SECt 


Fig.  3.  QHt  liagram  of  ignition  data  at  30%  relative  humidity. 
(Curves  are  from  data  of  previous  investigation  -  see  text.) 

For  description  of  materials  see  Table  1. 
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Fig.  4.  QHt  diagram  of  ignition  data  at  87$  relative  humidity. 
(Curves  are  from  data  of  previous  investigation  -  see  text.) 

For  description  of  materials  see  Table  1. 


8 


»  A 


TABLE  1 

EESCRIPTIOIf  OF  DARK*  CELLULOSE  MATERIAL  ICED 


Paper 

Thickness*-*-* 
cat  mils 

Dens .  *-** 

Nominal  Thermal 
Conduct!  vit  r** 

{x] 0*  4  ) 

Moisture  content 
(jt  of  dry  weight) 
iOi  KH  30>  RH  87*  RH 

4050 

0.002 

5 

C  62 

1.9 

2.3 

3.8 

11.9 

4091 

0.017 

7 

0.64 

2.0 

2.3 

3.8 

11.5 

4093 

0.027 

11 

O.67 

2.1 

2.3 

3.8 

11.2 

4095 

0.05^ 

21 

0.67 

2.1 

2.4 

4.0 

11  1 

4096 

0.078 

31 

0.68 

2.2 

2.6 

4.4 

11.1 

3-4096 

0.234 

92 

0.69 

2.2 

2.6 

4.4 

12.1 

*  2  l/2^  (dry  weight  basis)  carbon  black  added  to  pulp  prior  to  paper  manufacture. 

Estimated  absorptance  for  distribution  of  Mitchell  Source  i  h.9 
**  Specific  heat  capacity  (dry)  taken  as  0.35  cal/deg/gm,  Theimal  conductivity 
is  for  material  having  nominal  moisture  content. 

***  Thickness  and  density  are  dry  basis  values. 
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TAXE  2 

IClflTICll  THRESHOLD  OF  CELLJLOGE  HAVE*}  VAHTCKG  RADIAHT  AB3QRPTIV1TIES 


Paper 

Thickness 

(a») 

Dennity  f  Carbon 

(g/cm3) 

Abaorptance 

Effect* 

Irradlance 

Level 

Radiant 

Energy 

4070 

0.029 

0.54  2.5 

c.9 

F 

19.36 

5.52 

T? 

19.56 

2.42 

F 

14.^4 

5.54 

TF 

14.84 

5.22 

? 

A 

9.58 

4.58 

G 

2.1 1 

8.09 

4069 

o.oe9 

0.54  1.0 

0.8 

F 

19.56 

5.71 

TF 

19.56 

;<c 

p 

14.84 

5.71 

TF 

14.84 

5.78 

F 

9.58 

4.92 

G 

2.11 

8.81 

4075 

0.050 

0.54  0.25 

0.7 

F 

19.56 

6.85 

TF 

19.56 

4.55 

y 

14=84 

5.88 

TF 

14.64 

5  28 

T 

9.58 

6.65 

G 

2.11 

10.58 

4068 

0.C50 

0.52  0 

0.1 

F 

19.56 

44.62 

F 

14.84 

49.57 

F 

9.58 

53.91 

*  I'  -  Sastalru  d  flaming  LLreshold. 

G  -  Sustained  gloving  threshold. 

TF  -  (Tranoient  flaming)  -  Spontaneous  flaming  threshold. 
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substances,  but  exceeds  this  by  an  amount  which  depends  on  the  heat*  of 
absorption  or  desorption  of  vater  vapor.  Thi?  "elevation  of  the  specific  heat" 
of  celluloslc  substances  In  terns  of  the  moisture  content  and  tesperatuie  has 
been  derived”  from  the  work  of  Stas*  and  Loughborough'*  on  the  thermodynamics 
of  the  svelllng  of  wood  by  moisture ,  fro*  the  measurements  of  Stitt  and  Kennedy^ 
on  the  specific  heat  of  dehydrated  vegetables  at  various  moisture  contents,  and 
thermal  data  of  Kfctz?  for  cotton  and  vood  Though  there  Is  shown  to  be  a  definite 
Increase  In  heat  capacity  over  the  component  sub  for  a  material  undergoing  rapid 
heating  fro*  sushi ent  to  Its  Ignition  temperature.  It  appears  quite  wlikely  that 
at  any  point  this  increase  will  exceed  0.07  cal  deg"1  g**1  (dry  oasis)  for 
■ate rials  having  moisture  content  of  12  percent  or  less.  Cohered  to  the  sum 
of  the  specific  heats  of  the  dry  ■serial  and  the  sorbed  vater,  0.3^  to  0.37  <»} 
deg"1  gsr1  for  the  alpha- cellulose  jsed  in  this  study,  thic  elevation  appoa.rt  to 
be  rather  small .  For  the  purpose  of  correlating  the  experimental  data  obtained 
In  this  Investigation,  any  attest  to  co^ensatc  for  the  elevation  of  the  speci¬ 
fic  heat  (because  of  its  relatively  small  effect  and  because  of  the  rather  large 
uncertainty  of  Its  actual  value)  has  been  purposely  avoided.  It  Is  important  to 
keep  this  factor  in  mind,  however,  since  Its  Importance  will  be  reflected  In  the 
lack  of  correlation,  If  any,  of  the  data. 

The  correlation  technique  used  In  the  earlier  vork1  made  use  of  a  plot  of 
an  energy  modulus  Q/pcL*  versus  the  Fourier  Modulus  crto/L2.  Combination  of  these 
moduli  results  In  a  third  modulus,  the  lrradlance  modulus  HL/k.  Though  neither 
Q/pcL  or  HL/K  is  dimensionless,  their  use  Is  now  generally  preferred  because  of 
the  ease  of  interpretation  of  their  correlation  plots. 

In  attempting  to  correlate  date  taken  with  materials  having  different  mois¬ 
ture  contents  and  radiant  absorptlvlties,  the  most  natural  approach  is  to  modify 
the  correlating  parameters  in  such  a  way  as  to  compensate  fo~  the  superficially 
apparent  effects  these  factors  have  on  the  system  and  its  interaction  with  the 
radiation. 

For  example,  since  by  definition  the  absorptance 
a  *  or  %b8  *  aJi 


and  correspondingly 


Qabs  -  aQ 

It  Is  reasonable  to  multiply  both  moduli  by  the  absorptance  values  of  the 
materials  under  Investigation.  It  has  already  been  mentioned  that,  to  a  first 
approximation  at  least,  the  thermal  capacity  of  the  moist  material  will  be  greater 

*  See  Glossary  of  Terms. 
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than  that  of  the  dry  arterial  by  the  beet  capacity  of  the  vater  contained. 
Accordingly  the  energy  modulus  aay  be  expressed  in  terae  of  the  theraal  proper- 
tlec  of  the  dry  fuel  and  ite  aoieture  content,  thus 


*- 


PoCo^o  (1  ♦  »^) 


the  Modified  onergy  aodulue. 


(1) 


Moisture  would  appear  to  bare  a  twofold  effect  on  the  irradlance  aodulue. 

The  first  la  a  change  in  the  theraal  conductivity.  The  conductivity  of  celluloelc 
arterial  a  la  known  to  be  a  function  of  the  density  of  the  aaterlal.  SautrlO  baa 
cosg>iled  conductivity  data  for  various  celluloslc  aateriaJLa  in  sheet  fora  having 
aoieture  content#  in  the  range  0-8  percent  and  shown  that  the  values  when 
plotted  against  density  fall  quite  closely  along  a  eaooth  curve.  The  portion 
of  the  curve  lying  between  density  values  of  0.5  and  1.0  p i  ca~*  la  expressed 
adequately  well  by 


K  -  (b.6p  -  0.75)  x  lor*  (2) 

The  second  effect  of  aoieture  on  the  irradlance  Modulus  is  involved  in  the 
swelling  of  the  aaterlal.  For  same  tins  after  Manufacture  the  alpha- cellulose 
material  exhibited  a  gradual  change  in  thickness  probably  due  to  the  relaxation 
of  'rmgrre seed  fibers.  Distinct  from  this  is  a  reversible  swelling  exhibited  by 
ti  c  cterial  on  the  sorption  of  aoieture.  Diaenelonal  changes  can  be  rep  re¬ 
cta  ^  1  yy  an  eapl.r ical  expression  of  the  type 

L  -  Lo  (1  +  J»P0)  (?) 


The  svellin*  '  *  sheet  fora  aaterlal  la  predominately  in  one  direction, 
the  thickness  Six  .  Thickness  Measurements  were  Made  of  the  Materials  used, 

both  at  contr  >11  .s  of  humidity  and  when  oven  dry.  These  determinations 

Indicated  th^t  ti  ,t?e  of  B  in  the  swelling  relationship  is  very  close  to  one 
and  has  subsequently  teen  Ignored.  Ifeglecting  the  other  small  dimensional  changes, 
we  may  write 


P  -  P„  (i_£J S— ) 

0  '1  +  KP0' 

„  PoA-6  +  3.85  m)  -  0.75  , „  j, 

K - rr^r - * 10 


and  for  the  modified  irradlance  modulus 


*u  -  »  H  Lo(l  +  fflP0f 


oo 

(5) 


(6) 


u 
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Come  sirolific^tion  cf  th*»  i  rr**di'",r'cc  modulus  c"r.  hr  r*»d«  after  ce:.rid*rlng 
the  magnitude  of  chanrea  in  oondwt ivity  due  to  rontent.  ? ro-  e.'nt’on 

(5)  the  calculator  mine  of  therml  cond  .ictivity  for  the  dry  material  (a-suring 
P©  *  0.7)  is  n./.7  x  10*4  ar*d  for  material  cor’air.ing  10  percent  moisture  is 
x  yr*  cal  cm  deg**^  ce-2  sec"l.  loreover,  the  swelling  isartMMt  the 
thickness  na^a-etcr  nnd  thin  co-pensntes  for  the  incre-te  in  '•ond  jctivi  ty.  Over 
nil,  the  irndinnce  r  dulua  exhibits  n  4  percent  cho?  re  for  0,7  g r  cm"  3  -nteriai 
taking  up  1?  percent  noirture.  Therefore,  if  norin.nl  (40  percent  RH)  values  of 
tho  thickness  nnd  therml  con  uctivity  are  used,  a"  error  of,  nt  rest,  2  -ercent 
is  likely. 


DISCUSSION’  OF  RESULTS  AND  CONCLUSIONS 


Sorrolation  plots  of  the  experimental  data  nre  presented  in  Figs.  5,  6,  7, 
nnd  5-3.  The  curve  which  accompanies  these  data  is  not  the  centre!  tendency  of 
these  dntn  but  that  of  tho  r-uch  more  extensive  dntn  taken  previously  -hen  no 
attempt  win  rvndo  to  control  h  unidity  or  ambient  temperature,  i.e.,  equilibrium 
moisture  content  5*1  percent  (30  -  50  percent  RH)  nnd  nnbiont  temperature 
300  *  25°K.  In  addition  to  applying  the  corrections  for  ncisturc  as  indicated 
in  tho  correlation  moduli,  tho  shutter  tining  error  win  also  taken  into  account. 
Assuming  nil  of  the  square-wave  exposure  time  intorv  Is  re-asurea  in  the  orevious 
expcrincntnl  study  were  in  error  by  the  anoint  indicated  during  the  present 
study  (see  Experimental),  two  corrections  would  have  to  be  nnpli* a  to  the  old 
data.  Tho  first  nnd  most  obvious  is  n  correction  cf  all  oeposure  timer.  Though 
in  the  main  a  0.05  second  corroctio:  in  negligible,  for  the  relatively  few  cases 
where  Ignition  phenomena  result  in  a  fraction  of  a  second  (spontaneous  ignition 
threshold  for  all  materials  and  sustained  ignition  for  the  very  thin  materials), 
even  such  n  small  correction  has  a  profound  influence.  It  was  gratifying  to 
discover  that  the  previously  inexplicable  lack  of  correlation  for  the  ,  4,  and 
6  mil  material  (see  reference  l)  is  rectified  by  applying  this  correction. 

The  second  correction  stems  from  the  fact  that  the  determination  of  the 
irradiance  level  involves  the  measurement  of  the  energy  received  by  a  calorimeter 
during  a  square- rave  exposure  inter  val  generally  0.5,  1.0,  or  2.0  seconds 
depending  upon  the  magnitude  of  the  irradiance  level.  Correspondingly,  then, 
the  timing  error  introduced  a  10,  5,  or  2-1/2  percent  error  into  the  measurement 
of  irradiance  and  a  similar  error  in  the  calr  -  la tod  radiant  exposure  value. 

All  of  these  corrections  were  applied  and  the  resulting  curve  (show,  in  the 
figures)  is  the  best  estimate  of  the  central  tendency  cf  all  of  the  previous 
square-wave  ignition  data. 
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Fig.  5.  Correlation  pattern  of  ignition  data  taken  at  10%  relative 
humidity.  (Curve  is  from  data  of  previous  investigation  ~  see  text.) 
For  description  of'  materials  see  Table  1. 
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Fl.g.  6.  Correlation  pattern  of  ignition  data  taken  at  30%  relative 
humidity,  (Curare  is  from  data  of  previous  investigation  -  see  text.) 
For  description  of  materials  see  Tabic  I. 
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Fig.  7.  Correlation  pattern  of  ignition  data  taken  at  &7%  relative 
humidity.  (Curve  is  from  data  of  previous  investigation  -  see  text.) 
For  description  of  materials  see  Table  1. 
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With  the  exception  of  the  data  for  the  pure  vtute  cellulose,  all  of  the 
experimentally  determined  points  fill  quite  closely  around  the  curve;  and  It 
can  be  concluded  that  for  relative  hud dl ties  in  the  ranee  10  to  87  percent 
and  for  radiant  absorptances  above  0.66  (approximately  "dove''  gray),  the  Igni¬ 
tion  behavior  of  alpha- cellulose  Is  described  by  the  correlation  pattern 
previously  derived  by  singly  correcting  for  the  beat  capacity  of  the  moisture 
contained  and  by  multiplying  both  the  energy  and  lrradlance  values  by  the 
radiant  absorptance  of  the  material  for  the  source  of  radiation.  Md  re  over,  It 
Is  suggested  that  this  Ignition  behavior  pattern  is  sufficiently  general  that 
it  can  be  uaed  to  predict  the  behavior  of  a  broad  class  of  kindling  fuels. 
Moisture  content  as  a  function  of  relative  husldlty  has  been  determined  for  a 
number  of  celluloslc  materials^#?#!!  and  radiant  absorptlvltles  of  typical 
kindling  fuels  both  as  a  function  of  wavelength  and  for  specified  radiation 
sources  are  to  be  found  m  the  literature. **>5 #12  fyraa  et  a 1°  list  absorptl- 
vltles  of  coanoG  forest  fuels  for  a  spectral  distribution  equivalent  to  a 
10, 000° K  black  body  radiating  through  2,000  yards  of  normal  atmosphere. 

Included  are  materials  whose  visual  appearances  range  frotr.  dark  brown  to  "straw 
colored."  Reported  absorptlvltles  mnge  from  46  to  83  percent.  Eyrne  and 
Schilling^  list  radiant  aboorptonces  of  Interior  fuels  for  2600°K  and  6000°K 
black  bodies.  Shredded  newspaper,  one  form  of  the  noet  common  Interior  and 
transient  exterior  fuels  in  habltated  areas,  was  reported  to  have  absorptance s 
of  0.54  and  0.55  for  the  low  and  high  temperature  sources,  respectively.  A 
cursory  examination  of  the  literature  reporting  on  transient  exterior  and 
interior  fuel  surveys  of  urban  areas  reveals  that  the  predominant  forms  are 
those  having  intermediate  values  of  optical  absorptlvltles,  i.e.,  50  to  75 
percent . 

For  those  materials  whose  absorptivities  are  in  the  lover  range,  a  slightly 
different  choice  of  correlation  parameter  groupings  might  be  resorted  to. 

Slranfll^  has  noted  that  the  absorptivity  of  a  material  affects  the  lrradlance 
level  for  ignition  less  than  the  total  radiant  exposure.  He  points  out  that  a 
material  of  low  absorptivity  absorbs  little  of  the  incident  radiation  until 
charring  begins,  when  its  absorptivity  and  therefore  the  energy  absorbed  increases 
rapidly.  Assuming  that  charring  and  the  emission  of  volatiles  occur  at  about 
the  same  temperature  and  thus  that  little  loss  of  volatiles  occurs  before 
charring,  he  suggests  that  there  is  little  difference  in  behavior  between 
blackened  Md  ur blackened  material.  Our  experimental  observations  generally 
support  this  Ylev.  White  alpha- cellulose  cor si stonily  ignited  with  flames  at 
lrradlance  levels  too  low  to  agree  with  flam/ eg  tuition  data  for  materials  of 
greater  absorptivities.  Uhls  indicates  a  need  for  an  exponent  with  a  value  less 
than  unity  on  the  absorptivity  term  of  the  lrrtuilmuee  modulus. 

To  illustrate  this  point,  the  data  for  the  materials  having  different  opti¬ 
cal  absorptances  are  replotted  in  Fig.  9  using  the  square  root  of  the  absorptance 
In  the  lrradlance  modulus.  Ibe  correlation  of  the  white  material  la  considerably 
Improved  though  there  is  some  lack  of  correlation  Introduced  Into  the  other  data 
as  a  result.  It  appears  that  the  value  of  the  exponent  applied  to  the  absorptance 
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Fig,  9.  Illustration  of  the  effect  of  the  use  of  \/~i T  in  th 
irradlance  modulus. 


la  the  lrradlancc  Modulus  is  sow  function  of  the  absorptance  approaching  unity 
with  blacker,  sore  opaque  Materials.  Tor  all  practical  purposes,  however,  since 
most  Materials  have  absorptivities  of  30  percent  or  mo  re,  the  correlation  curves 
based  on 


■a. 


PoCoLoC1  ♦  ■  -f) 


and 


- )  nominal 

adequately  describe  their  ignition  behavior.  To  estimate  the  type  of  ignition 
to  be  expected  for  the  lighter  Materials,  one  can  resort  to  the  use  of 


the  value  of  n  to  be  estiaated  Trom  the  appearance  of  the  Material. 


Approved  by: 

a 

A.  Guthrie,  Head 
Nucleonics  Division 

For  the  Scientific  Director 
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From:  Commanding  Officer  and  Direotor 

Tot  Department  of  Defence  Agenclee  on  Distribution  List  for  Report 

SubJ:  D.S.  Naval  Radiological  Defense  Laboratory  Report  05NRDL-TR-295; 
forwarding  cf 

Enel:  (1)  U.S.  Naral  Radiologioal  Defense  Laboratory  Report  USNRDL-TR-295 
(AFSWP-1117)  entitled  "Thermal  Radiation  Damage  to  Celluloslc 
Materials.  Part  IV.  Influence  of  the  Moisture  Content  and  the 
Radiant  Absorptivity  of  Celluloslc  Materials  on  their  Ignition 
Behavior"  by  S.  Martin,  K.A.  Lincoln  and  R.W.  Rameted. 

1.  Enclosure  (l)  is  forwarded  for  your  retention. 

2.  Subject  report,  USKRDL-TR-295,  la  Part  IV  of  a  four-part  series  and 
narks  the  completion  of  the  first  phase  of  the  work:  "The  Influence  of 
Material  Properties  and  Radiant  Energy  Exposure  Parameters  on  Ignition 
of  Thin  Celluloslc  Materials.*'  This  work  was  prosecuted  under  the  spon¬ 
sorship  of  your  headquarters  and  is  currently  listed  in  the  USNRDL  FT59 
Technical  Program  Document  as  Program  A2,  Problem  13. 

3.  Although  this  publication  marks  the  termination  of  scientific  investi¬ 
gation  into  the  influences  of  certain  parameters  on  ignition  of  thin  cellu- 
losic  materials,  a  further  publication  is  contemplated  to  present  the 
information  published  in  all  four  parts.  This  summary  report  will  present 
the  information  with  emphasis  on  its  application  to  common  problems. 

4.  Currently  the  scientific  investigation  has  turned  to  the  second  phase 
of  the  problem,  "The  Mechanism  of  Ignition  of  Celluloslc  Materials  by 
Intense  Radiant  Energy". 
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